␥-aminobutyric acid type B (GABAB) receptors, G protein-coupled receptors (GPCRs) for GABA, are obligate heterodimers of two homologous subunits, GB1 and GB2. Typical for family C GPCRs, the N termini of both GB1 and GB2 contain a domain with homology to bacterial periplasmic amino acid-binding proteins (PBPs), but only the GB1 PBP-like domain binds GABA. We found that both GB1 and GB2 extracellular N termini are required for normal coupling of GABAB receptors to their physiological effectors, Gi and G proteinactivated K ؉ channels (GIRKs). Receptors with two GB2 N termini did not respond to GABA, whereas receptors with two GB1 N termini showed increased basal activity and responded to GABA with inhibition, rather than activation, of GIRK channels. This GABA-induced GIRK current inhibition depended on GABA binding to the chimeric GB1/2 subunit (the GB1 N-terminal domain attached to the heptahelical domain of GB2), rather than the wild-type GB1 subunit. Interestingly, receptors with reciprocal exchange of Nterminal domains between the subunits were functionally indistinguishable from wild-type receptors. We also found that peptide linkers between GB1 and GB2 PBP-like domains and respective heptahelical domains could be altered without affecting receptor function. This finding suggests that other contacts between the PBP-like and heptahelical domains underlie ligand-induced signal transduction, a finding likely to be relevant for all family C GPCRs.
G
amma aminobutyric acid (GABA), a major inhibitory neurotransmitter in the central nervous system, activates GABA A and GABA C ligand-gated Cl Ϫ channels, as well as G protein-coupled GABA B receptors. Activation of GABA B receptors results in generation of slow inhibitory postsynaptic potentials through the stimulation of G protein-activated K ϩ channels (Kir3 channels or GIRKs), as well as inhibition of neurotransmitter release through the inhibition of voltage-gated Ca 2ϩ channels. In addition, activation of GABA B receptors results in the inhibition of adenylyl cyclase.
GABA B receptors are heterodimers of two homologous subunits, GB1 and GB2 (1) (2) (3) (4) . Both GABA B receptor subunits belong to the family C (class III) of G protein-coupled receptors (GPCRs), together with metabotropic glutamate receptors (mGluRs), extracellular Ca 2ϩ -sensing receptor (CaR), and some pheromone and taste receptors. Only heterodimeric GABA B receptors are functional (1) (2) (3) , and the surface expression of assembled complexes is regulated through a dimerizationdependent trafficking checkpoint (5, 6) . Interestingly, a similar example of obligate heterodimerization recently has been reported for T1R2 and T1R3; upon coassembly, these two family C GPCRs form a sweet taste receptor (7) . In contrast, homodimerization, mediated at least in part by formation of N-terminal disulfide bonds, was reported for mGluR1 (8, 9) , mGluR5 (10) , and CaR (11) .
All family C GPCRs have a large extracellular N terminus that contains a domain with homology to bacterial periplasmic amino acid-binding proteins (PBPs, ref. 12) . In most cases, but not in the case of GB2, this PBP-like domain was demonstrated to bind ligands (13) (14) (15) . It is not known, however, how ligand binding to the PBP-like domain is transmitted to the rest of the receptor. Crystallographic structural analysis of the mGluR1 PBP-like domain revealed a dimer of two clamshell-shaped protomers in either open (resting) or closed (active) conformation; both structures were observed in the absence of ligand (16) . The active conformation, with a shorter distance between the C termini of the two protomers, is stabilized by glutamate binding. The authors of that study thus suggested that ligand binding to the PBP-like domains draws the heptahelical domains of the two subunits closer, thereby triggering G protein signaling (Fig. 1A ). Because this model predicts that receptor signaling depends on movements of the peptide linker between the PBP-like and heptahelical domains, we will refer to it as the peptide-linker model of receptor activation. (In mGluRs and CaR, this peptide linker includes a cysteine-rich domain, which is not present in GB1 and GB2.) Recently, it was suggested that the peptidelinker model of receptor activation might apply to GABA B receptors as well, as illustrated in Fig. 1Ba (17) . However, there is an alternative scenario consistent with the currently available data: PBP-like domains might form direct contacts with extracellular loops and͞or transmembrane helices of the two heptahelical domains, and the nature of these contacts might change upon ligand binding. This model, referred to as the direct contact model of receptor activation, is illustrated in Fig. 1Bb .
To identify the roles of GB1 and GB2 PBP-like domains in the GABA B receptor heterodimer and gain further insight into the mechanism of activation of family C receptors, we constructed a number of GB1 and GB2 mutant proteins and tested their ability to activate GIRK channels upon coexpression in Xenopus oocytes. We found that heterodimerization is a prerequisite for the normal function of the N-terminal ligand-binding domain of GABA B receptors. In addition, we show that alterations of the peptide linker between the PBP-like domains and heptahelical domains of GB1 and GB2 did not affect receptor function, contrary to the predictions of the peptide-linker model of receptor activation. Thus, it is likely that other contacts between the PBP-like and heptahelical domains underlie receptor signaling -a scenario likely to be conserved among family C GPCRs.
Materials and Methods
Molecular Biology. Standard molecular biology protocols were adopted from ref. 18 . For oocyte expression, constructs were made either in pGemHE (19) or pGemHEm (pGemHE vector with modifications in the linearization linker). GIRK1, GIRK2, wild-type (wt) GB1, and wt GB2 were used in the form described in ref. 5 . Because they are functionally identical, we used hemagglutinin-tagged and nontagged constructs interchangeably throughout the study. All mutant receptors were constructed by sequential overlap extension PCR. The breakpoint protein sequence for the GB 1/2 chimera reads RFLS-LPLY; for the GB 2/1 chimera, it reads RKIS-QKLF. All PCR-amplified stretches of DNA were verified by sequencing. The expression of all nonfunctional chimeric proteins was confirmed by Western blotting of oocyte homogenates (not shown).
Electrophysiology. Stage V-VI Xenopus oocytes were prepared and maintained as described in ref. 20 . cRNAs were prepared by using AmpliScribe T7 kits (Epicentre Technologies, Madison, WI), and oocytes were injected with Ϸ1-2 ng of GIRK1͞GIRK2 cRNAs and Ϸ5-10 ng of each receptor subunit cRNA, 24-48 h before recording. Recordings were done in modified ND96 solution (100 mM NaCl͞2 mM KCl͞1.8 mM CaCl 2 ͞1 mM MgCl 2 ͞6 mM Hepes, pH 7.4) or in 40K solution (where 40 mM NaCl was replaced with 40 mM KCl). GABA (Research Biochemicals, Natick, MA) or SCH 50911 (Tocris Cookson, Ellisville, MO) were dissolved in 40K solution and applied by bath superfusion. Currents were measured by using standard twoelectrode voltage clamp recording (GeneClamp 500B amplifier, PCLAMP software, Axon Instruments, Foster City, CA). Currentvoltage relationships were assayed by square voltage steps from Ϫ130 to ϩ30 mV, in 10-mV increments, from the holding potential of Ϫ30 mV. To correct for leak and endogenous oocyte currents, traces recorded in modified ND96 solution in the beginning or end of each recording were subtracted off-line from traces recorded in 40K solution. For plots and statistical comparisons, currents recorded between 100 and 116.6 ms after the start of the voltage pulse were averaged to reduce the random and 60-Hz noise. For summary plots and statistical comparisons, only currents recorded at Ϫ120 mV were analyzed. The relative activation of GIRK current by GABA depended on the size of the basal current (the larger the basal current, the smaller the relative activation); this was true for all active receptors tested and is a general feature of the oocyte expression system (N. Dascal, personal communication). We tried to minimize this effect by, in each batch, analyzing only the oocytes that showed basal currents comparable to basal currents observed in oocytes injected with wt receptor constructs. Nonetheless, the data points collected were not normally distributed and, where appropriate, were statistically analyzed using Kruskal-Wallis oneway ANOVA on ranks.
Results

GB1 and GB2 N-Terminal Domains.
To investigate the roles of the GB1 and GB2 N-terminal extracellular domains in the GABA B heterodimeric complex, we first constructed two chimeric receptor subunits, GB 1/2 and GB 2/1 , with N-terminal domains exchanged; in each case, the chimeric boundary was set two residues before the first transmembrane segment. We then tested the ability of these chimeric receptor subunits to couple to GIRK1͞GIRK2 K ϩ channels in Xenopus oocytes when coexpressed with wt GB1, wt GB2, or each other; results of these experiments are summarized in Fig. 2 . Coexpression of GB 1/2 with GB 2/1 , which preserves the normal heterodimeric composition of the GABA B receptor N-terminal domain, resulted in receptors functionally indistinguishable from wt GB1͞GB2 heterodimers ( Fig. 2 B and D) . In contrast, combination of GB 2/1 and GB2, which produces receptors with two GB2 N-terminal domains, was not able to activate GIRK channels in response to GABA (not shown). Interestingly, coexpression of GB1 with GB 1/2 , which gives rise to GABA B receptors with two N-terminal domains of GB1, resulted in the inhibition of GIRK current upon GABA application ( Fig. 2 C and D) . Although this inhibition was smaller than the activation of GIRK currents induced by wt GABA B receptors, the time courses of the two responses were very similar (not shown). Because of the small magnitude of GB1͞GB 1/2 -mediated responses, we did not attempt to determine the whole dose-response dependence; however, just as in the case of wt GABA B receptors, 50 M, 100 M, and 1 mM doses of GABA were equally effective (not shown).
The inhibition of GIRK current upon activation of the GB1͞ GB 1/2 chimera is consistent with a receptor exhibiting elevated basal activity. Because GIRK channels expressed in Xenopus oocytes have high basal activity independent of receptor expression, we were not able to address this possibility directly. To investigate it indirectly, we measured the effect of GABA B receptor competitive antagonist SCH 50911 (21) on either GB1͞GB2-or GB1͞GB 1/2 -expressing oocytes (Fig. 3) . When oocytes expressing wt GB1͞GB2 receptors were superfused with 100 M SCH 50911, we observed either no effect or a slight inhibition of GIRK current; the largest inhibition (Ϫ15.4%) was observed in the cell shown in Fig. 3A . Median SCH 50911 response (Ϫ4.0%) was only 3.4% of median GABA response (117.2%) recorded in the same oocytes (Fig. 3B) . In contrast, application of SCH 50911 to GB1͞GB 1/2 -expressing oocytes resulted in consistent activation of GIRK current, which, on average, amounted to 33.3% of the GABA-induced inhibition recorded in the same cells (median SCH 50911 response in these oocytes was 7.7%, whereas median GABA response was Ϫ23.1%; Fig. 3D ). These results suggest that GB1͞GB 1/2 chimeric receptors possess high basal activity, and that GABA acts as an inverse agonist, stabilizing the inactive receptor conformation. In contrast, wt GB1͞GB2 receptors exhibit low basal activity, and GABA behaves as an agonist, stabilizing the active receptor conformation.
The GB1͞GB 1/2 chimeric receptor has two GABA-binding sites, in contrast to the wt GB1͞GB2 receptor. To determine which of the binding sites is responsible for GABA-induced inhibition of GIRK currents, we mutated serine-246 to alanine in either GB1 or GB 1/2 (in GB2, the equivalent residue is proline). GB1(S246A) does not bind GABA (22) ; not surprisingly, it did not mediate GABA-induced activation of GIRK current when coexpressed with GB2 in oocytes (not shown). Coexpression of GB1(S246A) with GB 1/2 , however, resulted in GABA-induced GIRK current inhibition similar to that mediated by GB1͞GB 1/2 (Fig. 4 A and C) . In contrast, the same S246A mutation in GB 1/2 completely abolished GABA-mediated inhibition of GIRK currents in oocytes expressing GB1 and GB 1/2 (S246A) (Fig. 4 B and C) . These results indicate that GABA binding to the chimeric GB 1/2 receptor subunit, but not to wt GB1 subunit, underlies the aberrant GABA-induced activity of GB1͞GB 1/2 receptor complex.
GB1 and GB2 Peptide Linkers. The equal effectiveness of GB 1/2 ͞GB 2/1 and GB1͞GB2 receptors in mediating GABA-induced GIRK current activation suggests that the nature of the connection between the PBP-like and heptahelical domains is not critical. To further explore this issue, we modified the linkers that connect the PBP-like domains of GB1 or GB2 with the respective first transmembrane segments. Two types of modifications were introduced (Fig. 5A) . In one set of mutants (GB1 ad11 and GB2 ad11 ), a glycinerich peptide GGGASSASGGG, predicted to form a random coil structure, was introduced in the middle of each linker, extending it by 11 aa. In another set of mutants (GB1 xg11 and GB2 xg11 ), this peptide was introduced at the same position as in GB1 ad11 and GB2 ad11 , but the preceding 11 aa of the linker were deleted; in effect, 11 aa of each linker were replaced with the GGGASSAS-GGG peptide, whereas the length of each linker did not change. The ability of these mutant receptor subunits to activate GIRK current in Xenopus oocytes was then examined; these data are summarized in Fig. 5 B and C.
Coexpression of GB1 ad11 with GB2 ad11 resulted in receptors functionally indistinguishable from wt receptors. In contrast, the GB1 xg11 ͞GB2 xg11 receptor complex was not able to activate GIRK currents in Xenopus oocytes, either because receptors were absent from the cell surface or because cell surfaceexpressed receptors were not functional. Because the overall linker length in GB1 xg11 and GB2 xg11 mutant receptor subunits was not modified, we also tested each of them separately, coexpressed with appropriate wt subunits. The GB1 xg11 ͞GB2 mutant receptor was able to mediate GABA-induced GIRK current activation as effectively as the wt GB1͞GB2 receptor, whereas GB1͞GB2 xg11 receptor combination did not result in GIRK current activation upon application of GABA. Chemiluminescence measurements revealed that the latter receptor complex was not expressed on the cell surface (not shown), indicating that exchanging 11 linker residues of GB2 with a glycine-rich peptide affected receptor folding and͞or assembly. Thus, all linker mutant receptors that were appropriately assembled and expressed on the cell surface were able to activate GIRK channels as well as wt receptors. These results are not compatible with the peptide-linker model of receptor activation (Fig. 1Ba) , suggesting that direct contacts of PBP-like and heptahelical domains underlie receptor signaling (Fig. 1Bb) .
Discussion
Family C GPCRs are constitutive dimers, and this dimerization is a prerequisite for functional activity. However, it is not known whether dimerization is important for ligand binding and associated conformational changes, G protein coupling, or both. In Fig. 2 . Chimeras GB1/2 and GB2/1 were functionally assayed by coexpression with GIRK1͞GIRK2 channels in Xenopus oocytes. In this assay, binding of GABA to functional GABA B receptors results in activation of inwardly rectifying K ϩ current; see Materials and Methods for experimental details. The I-V plots from representative cells (A-C) and summary plot for all of the cells tested (D) are shown. In this and subsequent figures, GB1 subunit is schematically represented in black and GB2 subunit in gray; the notch in GB1 subunit represents the GABA-binding site. In all figures, summarized data (which were not normally distributed) are represented as statistical box charts (the horizontal lines in the box denote 25th, 50th, and 75th percentile values, the error bars denote 5th and 95th percentile values, the asterisks denote 1st and 99th percentile values, and the square symbol in the box denotes the mean). For summary plot and statistical analysis, currents were measured at Ϫ120 mV; GABA responses are expressed as a percentage of basal GIRK currents recorded in 40K solution just before GABA application. (A) wt GABA B receptors, composed of GB1 and GB2, respond to GABA application by GIRK current activation. (B) In cells coexpressing chimeras GB 1/2 and GB2/1, GABA application results in GIRK activation that is no different from the activation mediated by wt receptors. (C) In contrast, chimera GB 1/2 coexpressed with GB1 inhibits GIRK current upon GABA application.
addition, intramolecular signal transduction of family C GPCRs is not well understood. Heterodimerization is a prerequisite for the plasma membrane expression and function of GABA B receptors, and individual GB1 and GB2 subunits are not functional even if expressed on the cell surface. This allowed us to examine the functional role of each subunit in the GABA B receptor complex and to address the functional significance of dimerization in GABA B receptor signaling (23) . The function of different mutant GB1 and GB2 proteins was assessed by coexpressing them in Xenopus oocytes with their physiological effectors, GIRK1͞GIRK2 channels (24) . Here, we report that (i) both GB1 and GB2 N-terminal domains are necessary for appropriate GABA B receptor function, and (ii) the ligand-induced conformational changes of the GB1͞GB2 ligand-binding domain are conveyed to the remainder of the receptor through contacts other than the peptide linker between the PBP-like domains and respective heptahelical domains.
A large N terminus that contains a ligand-binding PBP-like domain is characteristic of all family C GPCRs (12) (13) (14) (15) . The recent structural analysis of the mGluR1 PBP-like domain revealed that, as prokaryotic PBPs, it undergoes large conformational changes akin to the opening and closing of clamshells (16) . The structure also revealed that mGluR1 PBP-like domains exist as a dimer in both the ligand-free and the ligand-bound state, further strengthening the observation that dimerization is functionally essential for family C GPCRs. However, although many other family C receptors function as homodimers, GABA B receptors are heterodimers. What are the roles of two homol- ogous, but nonidentical N-terminal domains in the GABA B receptor heterodimer, and what would happen if we constructed GABA B receptors that were homomers of either GB1 or GB2 in the N-terminal region? These questions are particularly intriguing because the N-terminal domain of GB2 was previously shown not to bind GABA or other GABA B receptor ligands, although it does increase the agonist-binding affinity of GB1 (1, 3) . In agreement with the recent report by Galvez et al. (17) , our studies show that both the GB1 and GB2 N-terminal domains are necessary for the appropriate function of GABA B receptors (Fig.   2 ). Chimeric receptors containing two GB2 N-terminal domains (GB 2/1 ͞GB2) did not respond to GABA application -not a surprising finding, considering the evidence that the GB2 PBPlike domain does not bind GABA. Remarkably, receptors containing two GB1 N-terminal domains (GB1͞GB 1/2 ) responded to GABA B receptor ligands in an aberrant way: application of GABA resulted in the inhibition, rather than activation, of GIRK currents, whereas competitive antagonist SCH 50911 had the opposite effect (Fig. 3) . The relative magnitude of SCH 50911 effects, compared to GABA effects, was larger for GB1͞ GB 1/2 than for wt GB1͞GB2 receptors, suggesting that GB1͞ GB 1/2 chimeric receptors exhibit increased constitutive activity. One possible interpretation of these results is that the GB2 PBP-like domain normally inhibits GABA B receptor signaling, and that GABA binding to the GB1 PBP-like domain results in the relief of this inhibition. In this scenario, GABA-induced inhibition of GIRK currents by GB1͞GB 1/2 receptors reflects the fact that the PBP-like domain of GB1 can provide this inhibitory effect only in the GABA-bound state, albeit inefficiently. Similarly, the finding that GB 2/1 ͞GB2 receptors, which contain two GB2 PBP-like domains, also exhibit high basal activity (17) would imply that the GB2 PBP-like domain to some extent resembles the GABA-bound GB1 PBP-like domain. In an alternative scenario, the high basal activity of GB1͞GB 1/2 receptors reflects the shift in the normal equilibrium between active and inactive receptor conformations, such that the active conformation is now stable in the ligand-free state and further stabilized by antagonist SCH 50911, whereas the inactive conformation is stabilized by GABA binding. With either scenario, it is clear that the conformational state of heterodimeric ligandbinding domain affects the constitutive activity of GABA B receptors.
The aberrant effect of GABA on GB1͞GB 1/2 receptors depended on its binding to the GB 1/2 subunit. Importantly, GB1͞ GB 1/2 (S246A) receptors were devoid of any GABA-dependent activity; whereas S246A mutation in GB 1/2 was sufficient to abolish the GABA-induced inhibition of GIRK current, it did not restore the normal receptor function (Fig. 4) . Taken together, our findings indicate that the GB2 N-terminal domain plays an important role in GABA B receptor function that cannot be substituted for by the N-terminal domain of GB1; this finding is in agreement with the recent report that a large internal deletion in the GB2 N terminus results in the complete loss of GABA B receptor activity (25) .
Next, we wanted to address how the ligand-induced conformational changes of the PBP-like ligand-binding domains might be transmitted to the rest of the receptor, resulting in G protein activation. A priori, there are three possibilities for the transmission of this signal: (i) through the peptide linker between the PBP-like domains and heptahelical domains (the peptide-linker model of receptor activation; Fig. 1Ba) ; (ii) through direct contacts of the PBP-like domains with extracellular loops and͞or transmembrane segments (the direct contact model of receptor activation; Fig. 1Bb) , and (iii) a combination of both mechanisms. Our finding that GABA B receptor function was not affected by exchange of the N-terminal domains between GB1 and GB2 (Fig. 2) can be easily reconciled with the direct contact model of receptor activation. On the other hand, because the recent structural analysis of mGluR1 PBP-like domains revealed that a distance between the C termini of two protomers was shorter in the ligand-stabilized closed conformation (16) , the authors of that study as well as Galvez et al. (17) favored the peptide-linker model of receptor activation. To test the different models experimentally, we modified the linkers between the PBP-like domains and the first transmembrane segments of GB1 and GB2. The peptide-linker model of receptor activation predicts the structure of these peptide linkers to be important for receptor conformational changes, hence not likely to tolerate In the GB1 ad11 and GB2ad11 mutant proteins, the 11-aa-long random coil peptide GGGASSASGG (boxed in gray) was inserted into GB1 and GB2 linkers at the positions shown, which resulted in linker extension. In the GB1 xg11 and GB2 xg11 mutant proteins, the GGGASSASGG peptide was inserted at the same position, but the preceding 11 residues of either GB1 or GB2 (underlined) were simultaneously deleted; the length of linkers was thus kept constant. Extension of GB1 and GB2 linkers had no effect on the GABA-mediated GIRK current activation, and 11 residues in the GB1 linker may be replaced with the random-coil peptide without functional consequences. Replacement of 11 residues in the GB2 linker prevented receptor cell surface expression (not shown).
amino acid substitutions or insertion of glycine-rich peptides. In contrast, in the direct contact model of receptor activation, these linker regions are predicted to act only as tethers for the PBP-like domains, and changes in structure and͞or length of tethers are likely to be tolerated. We found that the insertion of an 11-aa-long random coil peptide in the linker region of both GB1 and GB2 did not affect the receptor function (Fig. 5) , strongly supporting the direct contact model of GABA B receptor activation. The GB1 linker also tolerated the substitution of 11 aa by the same random-coil peptide (Fig. 5) . This was not true for the GB2 linker; however, GB1͞GB2 xg11 heterodimeric receptors were not expressed on the cell surface, suggesting that partial replacement of GB2 with a glycine-rich peptide resulted in a folding and͞or assembly defect. Taken together, these results strongly support the direct contact model of receptor activation (Fig. 1Bb) .
In summary, the N termini of both GB1 and GB2 play important roles in ligand-mediated receptor activation, underscoring the importance of dimerization for the function of PBP-like ligand-binding domains in family C GPCRs. In addition, GABA B receptor signaling appears to be mediated by direct contacts between the PBP-like domains and the heptahelical receptor core. The overall conservation of family C receptor structure suggests that this direct contact model of receptor activation may apply to other members of this receptor family, but additional work will be needed to test this hypothesis.
